With the generation of a large amount of construction and demolition waste (CDW), many scholars have recently paid more attention to the recycling of CDW. In this paper, we design a classification recycling method based on the degree of CDW availability in the recycling of CDW. Considering the important role of the government in reverse logistics, a model of reverse logistics network based on the trade-off between cost and recycling rate is put forward, which is subject to government subsidy. The model includes the location of classification processing center and ensures the best route of transportation. Then, the improved particle swarm optimization algorithm is applied to solve the model to get Pareto frontier by transforming it into a multiobjective integer-programming problem. As a case study, the results of the statistical modeling used in this study indicate the feasibility of the model. Finally, according to the sensitivity analysis of government's subsidy, we evaluate the effectiveness of this program and its applicability.
Introduction

Background and Motivation.
The construction industry is a pillar industry of many countries especially for China, which produces a lot of waste while consuming large amounts of resources. CDW usually includes concrete, wood, metal, gypsum board, building materials packaging cartons, plastic, asphalt, and debris. Due to the complex composition of construction waste and random stacking, how to deal with the CDW has become an urgent problem for many countries. Many scholars have studied the negative impacts of CDW on the environment, economy, and society. And these negative impacts will cause a lot of obstacles to our environment. For example, CDW will take up many land resources for accumulation. Study has shown that 10,000 tons of construction waste occupied 0.067 hectares of land [1] . Under certain conditions, some of the organic material in CDW will be converted to acid and alkali substances and then will enter the soil and the atmosphere; thus the air and water would be polluted [2] .
China, as a rising power, has attracted increasing attention from the world [3, 4] . The rapidly growing economy has propelled the development of construction industry. As the accumulation of a large number of CDW caused serious pollution to the environment, the demand of recycling in CDW has grown substantially. From Table 1 [1], we can see that, in any structure, CDW accounts for a large proportion in the purchase of materials. Table 2 [1] depicts the main proportion of the CDW in terms of buildings in Hong Kong; it can be found that most of the waste material can be reused. As presented in Tables 1 and 2 , promoting the construction of waste recycling and comprehensive utilization of resources has become an imperative requirement to build a resourceefficient and environmentally friendly society.
The main challenge of various building materials and mixed emission of construction waste is how to recycle the useful materials from CDW. Reasonable classification recycling of CDW can effectively improve the waste utilization. Regarding the specific process in Figure 1 , the classification process is mainly based on the availability of waste.
Related Work.
In China, the recycling of CDW has captured a great amount of attention in recent decades. For example, Yuan and Shen [5] analyzed the recent research trends in CDW; the result showed that the CDW was explored more and more, especially in developing countries. Chen [1] presented different categories of CDW recycling machinery and strategies of waste processing. Strategies about converting CDW landfills into successful CDW recycling operations are also examined. CDW recycling economics are presented to demonstrate the essential ingredients for successful operations. Abroad, the recycling of recycled sand from CDW was discussed [6] . The authors concentrated on a technique for producing high quality regenerated sand. A technique for producing high quality regenerated sand was proposed to improve the recovery technology. In this paper, Rao et al. [7] analyzed the situation of CDW recycling in the world and studied the role of government. Besides, the performance of recycling in the CDW recycle was also discussed. Some scholars studied the barriers to implementing of the reverse logistics of CDW [8, 9] . Chileshe et al. [10] studied the relevant literatures and summed up the main barriers. These barriers include lack of recovery facilities and technical support; the limited liability for the usage of recycled materials; lack of legal and policy support; and higher recovery costs (labor costs, operational costs). Sangiorgi et al. [11] aimed at the application of construction waste in highway engineering, and the construction waste was in use instead of natural aggregate. As a consequence, the performance of the recovered aggregate was tested and the results showed that the recovery of the aggregate was good in the case of proper compaction and could show some positive self-cementation properties. Mulder et al. [12] summed up the experience of reverse construction management for CDW in the Netherlands. A model of the recycling center for CDW was established by Nunes et al. [13] , which focused on the Brazilian construction waste recycling center and introduced the concept of reverse logistics and reverse distribution channel network. Then the case of Brazilian CDW was well studied. Chileshe et al. [14] were meant to present a survey of barriers perception to implement reverse logistics (RL) practices in South Australian (SA) construction organizations. This study entitled "Designing for Reverse Logistics (DfRL) within the Building Life Cycle: Practices, Drivers and Barriers," which was examining the best practices and drivers that could be used as a "road map" for developing appropriate solutions for the successful implementation of RL. Sobotka and Czarnigowska [15] defined the concept of building-related reverse logistics and analyzed the factors of stimulation and regulation. In the end, this paper quoted an example of a reverse logistics model, which may be the basis for creating a decision support system.
The optimization of the location is an important part of reverse logistics network for the waste recycling. Kilic et al. [16] established a reverse logistics system for Turkey's WEEE. By mixing the integer linear programming model and taking into account the different collection rates, 10 scenarios were discussed. Different types of storage sites and recycling facilities were different in this model from existing research. In each case, the best location for storage and recycling facilities was available to meet the EU's minimum recovery requirements for each product category. Cruz-Rivera and Ertel [17] sought to describe the establishment of a closed loop supply chain of several features in Mexico. Consequently, the problem was resolved by reverse logistics and imitating the problem through the incapacitated facility. Alshamsi and Diabat [18] proposed a mixed integer linear programming (MILP) to solve the complex network configuration RL system, which determined the best choice of sites, the capacity of test center, and remanufacturing facility. According to the actual situation of the test, the results confirmed an important practical significance. Ramezani et al. [19] conducted a study on the logistics network design with a number of conflicting goals, such as cost/profit, resource balance, customer responsiveness, and quality. In the uncertain environment, a random multiobjective model was proposed, which included three kinds of forward directions in uncertain environment. The set of Pareto optimal solutions were obtained and the financial risks associated with them were calculated to demonstrate the trade-off between the targets. The results provided an important perspective for the development of decision-making processes.
As we all know, the government plays an important role in reverse logistics. Jia et al. [20] constructed a new model, where the proportion of waste recycling and reuse was lower. They described a penalty and subsidy mechanism in order to achieve subsidies to encourage the recycling and reuse of materials to improve it. Thus, the study concluded that some penalties and subsidy programs could effectively alleviate problems related to CDW management. Lakhan [21] explained the impact of urban cycling incentives on urban recovery and project costs in Ontario, Canada. The results of the statistical models used in this study indicated that there was no significant relationship between urban incentives, cycle rates, or project costs. Mitra and Webster [22] examined the effects of government subsidies as a means to promote remanufacturing activity; they found that the introduction of subsidies increased remanufacturing activity, and that the manufacturer's profits generally decreased while the remanufacturer's profits increased when 100% of the subsidy went to the remanufacturer.
In this paper, we analyze the recycling of CDW and establish a reverse logistics network model of construction waste based on trade-offs between the cost and recycling rate [23] according to the level of utilization of CDW, which is subject to government intervention. 
Contributions.
The above observations motivate us to design an efficient reverse logistics network for CDW. In this paper, we make several contributions. We describe the level of utilization of CDW and discuss related problems of RL models. After that, we establish a model of reverse logistics network, which is subject to government subsidy. This paper is organized as follows. The system model is described in Section 2, and the numerical simulation is presented in Section 3. Finally, we conclude this article in Section 4.
Model Establishment
Problem Statement.
We consider a CDW recycling model as shown in Figure 1 , where the construction waste is classified into three types: reuse, recycle, and disposal according to the availability. The simplified model is presented in Figure 2 .
There are some sites of CDW, where CDW generated is transported to the center of classification and processing by vehicles in one cycle. In the center of classification and processing, CDW is classified and transported respectively to different processing sites according to the classification. Location-routing problem of construction waste includes determination of the location and number of the centers of classification and processing as shown in Figure 3 . On the other hand, it also includes solving the path problem of waste vehicles in one cycle.
Mathematical Formulation
Model Assumptions.
Before establishing the model, in order to facilitate the analysis and description of the problem, some assumptions are made in this paper, which are given as follows:
(1) All recycling activities in this paper are conducted in the model. (3) The system relies on existing secondary market, remanufacturing plant, no longer considers their construction costs, and only considers their operating costs.
(4) The transportation costs of construction waste are linearly related to the distance. 
Notation
Superscript
Model Establishment.
The model has two objective functions and seven constraints.
(1) Objective Functions. The proposed model has economic and recycling rate objective functions. Recycling rate objective functions are
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The overall costs of the collection point consider the construction costs of processing center, storage fees, handling fees, transportation costs, and government subsidies. As the government vigorously promotes the recycling of used products, government subsidies is a function of recycling rate. Hence, economic costs can be expressed as
The objective functions (2) and (3) represent the minimum proportion of disposal waste and the lowest total cost of the whole system.
Assume that the government imposes incentives on the recycling of CDW, and the government sets a recycling rate for the class recyclers and rewards the excess if the actual recycling rate of the classified recycler exceeds the government's recycling rate. Specific incentive measures are as follows.
( ) is a subordinate government subsidy function, which is related to the recycling rate of the recovery point . When the recycling rate is less than the fixed number 1 , the government will give the enterprise a certain penalty for the classification and recovery enterprise; unit penalty is 1 . When the recovery rate is greater than the fixed rate, the government will give the enterprise certain reward; unit reward rate is 2 ; that is,
Considering the general situation, in the premise of 1 , 2 ̸ = 0, there are two kinds of decision-making situation: A when 1 = 2 > 0; at that time, there are both incentives and punishments; B when 1 > 2 > 0; at that time, there are three subsidies, incentives and punishment and neither incentive nor punishment. Second and third cases are to determine which measures have a better effect.
Therefore, under the government intervention, the objective function is as follows: 
(2) Constraints. The proposed model includes the following ten constraints. . :
Capacity constraints:
Constraints (6) and (7) represent the flow balance of the waste through the center of classification and processing and the manufacturers of building materials. Constraints (8), (9), and (10) indicate gravity constraint of the waste transported from classification center to the distributors of building materials, the manufacturers of building materials, and the center of landfill processing center. Constraints (11) indicate that the total amount of construction waste is less than or equal to the value of the processing power and decision variables of the center of classification and processing.
Numerical Simulation
Multiobjective Methodology.
There are some methods existing to solve traditional multiobjective problems, such as weighting method where the weight between multipleobjective functions needs to be given by the decision-maker. Besides, the constraint method and max-min method are difficult to deal with because the dimension among multipleobjective functions is inconsistent. Thus, we choose the multiobjective particle swarm optimization (MOPSO) algorithm to solve the model [24, 25] .
In order to solve the model by using particle swarm optimization algorithm, an improved multiobjective particle swarm optimization algorithm is designed for this model.
The specific steps of the improved MOPSO method are as follows:
(1) Initialize the particle. The initial position of the particle and the initial velocity are generated by random method. The target vector corresponding to each particle is calculated, and the noninferior solution is added to the scale group = 20 of the external file group. (2) Determine the initial -best and initial -best of the particle.
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Mathematical Problems in Engineering (3) To ensure that the particles are in the search space within the flight conditions, change the particle speed and location; adjust the particle -best.
(4) According to the new noninferior solution to maintain external files, the formation of each particle at the same time, select -best.
(5) If the termination condition is satisfied, stop the search; otherwise return to step (3).
Case Study.
In this section, a numerical example is presented in order to demonstrate the validity of the presented model. Consider a reverse logistics network similar to the one depicted in Figure 1 . In the reverse logistics of this case, there are 10 construction sites, and then they are transported to 5 alternative classification recycling centers. The production capacity and coordinates of the construction waste disposal sites are shown in Table 3 . The processing capacity and coordinates of the alternative classification processing centers are shown in Table 4 . In this case, there is only one secondary market, remanufacturing plant, and landfill center. Costs per ton of classification center, secondary market, and landfill center are 15, 50, and 8 (yuan/ton). The transportation rates between nodes is 3 (yuan/ton/km). The coordinates and cycle generation of the construction waste site are shown in Table 5 .
Other parameters are reported in Table 6 . The two objective functions of two single objective functions are solved by particle swarm optimization algorithm. The results are shown in Table 7 .
By using multiobjective particle swarm algorithm to solve the above model, the optimal solution is shown in Figure 4 .
The Pareto optimal solution based on the multiobjective particle swarm optimization algorithm can be seen from Figure 4 . And the function of the Pareto frontier is the concave function, which can explain the validity of the model. According to the relationship between the recycling rate and the total cost, the decision-maker can choose the appropriate solution based on the original cost or the expected recycling rate.
Sensitivity Analysis.
We discuss the second case when 1 > 2 > 0. At that time, 1 = 80%, 2 = 50%, and there are three measures: punishment and no subsidies, subsidies and no punishment, and subsidies and punishment. The second and third cases are aimed at determining which measure has a better effect.
(1) Punishment and No Subsidies. The government does not meet the required recycling rate to give economic penalties, but the recycling of waste products is not motivated (positive subsidies), 1 = 0, 2 < 0 (yuan). Pareto frontier of the model with punishments is as shown in Figure 5 .
(2) Subsidies and No Punishment. The government subsidizes the discarded products that exceed the prescribed recovery rate and will not be punished for less than the prescribed recovery rate ( 1 > 0, 2 = 0). Pareto frontier of the model with subsidies is shown in Figure 6 .
(3) Subsidies and Punishment. In this situation, the government will grant subsidies for the center whose waste exceeds the prescribed recovery rate and give punishment for those whose waste is less than the required rate ( 1 > 0, 2 < 0). Pareto frontier of the model with subsidies and punishments is as shown in Figure 7 .
From the above analysis, we know that the government adjusts the reverse logistics of CDW by subsidizing this market. When the government faces the choice of incentive and punishment measures, the calculation results show that the incentive subsidy is more meaningful, especially when the system profitability is weak; giving appropriate incentives can help enterprises take the initiative to invest. However, the government as a reverse logistics participant also hopes that, through the minimum subsidy cost, enterprises can enhance its profitability through their own management and technology upgrading in order to achieve a virtuous cycle of CDW.
Conclusion
The Location-Routing Problem has become the key of the optimization of reverse logistics network, but there is little research on trade-offs between the cost and recycling rate. This paper studies the problem about the design of reverse logistics network and establishes a mixed integerprogramming model with considering the cost and recycling rate, which can be solved by using the multiobjective particle swarm optimization algorithm. By adding the government subsidies to the relevant factors of the total cost, the model is closer to the actual situation, and the multiobjective particle swarm optimization algorithm is used to optimize the model. Finally, the simulation and calculation of the model and the algorithm are carried out by the example. Finally, the Pareto frontier is acquired, and the function of the Pareto frontier is the concave function. Thus, it can easily explain the validity of the model and provide the theoretical support for enterprises and government decision-makers to implement the reverse logistics scheme of construction waste. Through the sensitivity analysis, the positive subsidy can promote the development of reverse logistics, and the comparison between the algorithm and other algorithms such as genetic algorithm will be further studied.
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